Abstract Symptoms of diabetic gastrointestinal dysmotility indicate neuropathy of the enteric nervous system. Longstanding diabetic enteric neuropathy has not been fully characterized, however. We used prolonged high fat diet ingestion (20 weeks) in a mouse model to mimic human obese and type 2 diabetic conditions, and analyzed changes seen in neurons of the duodenal myenteric plexus. Ganglionic and neuronal size, number of neurons per ganglionic area, density indices of neuronal phenotypes (immunoreactive nerve cell bodies and varicosities per ganglion or tissue area) and nerve injury were measured. Findings were compared with results previously seen in mice fed the same diet for 8 weeks. Compared to mice fed standard chow, those on a prolonged high fat diet had smaller ganglionic and cell soma areas. Myenteric VIP-and ChAT-immunoreactive density indices were also reduced. Myenteric nerve fibers were markedly swollen and cytoskeletal protein networks were disrupted. The number of nNOS nerve cell bodies per ganglia was increased, contrary to the reduction previously seen after 8 weeks, but the density index of nNOS varicosities was reduced. Mice fed high fat and standard chow diets experienced an age-related reduction in total neurons, with bias towards neurons of sensory phenotype. Meanwhile, ageing was associated with an increase in excitatory neuronal markers. Collectively, these results support a notion that nerve damage underlies diabetic symptoms of dysmotility, and reveals adaptive ENS responses to the prolonged ingestion of a high fat diet. This highlights a need to mechanistically study long-term diet-induced nerve damage and age-related impacts on the ENS.
Introduction
The prevalence of type 2 diabetes (T2D) and obesity is increasing at an excessive rate worldwide (Smyth and Heron 2006) . As frequencies continue to rise, so do the populations of individuals with chronic states of disease (Amos et al. 1997) . Those with persistent T2D experience a host of secondary complications, including autonomic neuropathy, which affects many organs in the body (Wang et al. 2008; Brock et al. 2013 ). Injuries to the enteric nervous system (ENS) manifest themselves through symptoms of gastropathy (dyspepsia, gastroparesis) and gastrointestinal (GI) dysmotility, and these commonly plague T2D patients (Camilleri and Malagelada 1984; Byrtzer et al. 2001; Bagyánszki and Bódi 2012; Yarandi and Srinivasan 2014) . Diabetic neuropathy can be caused by hyperglycemia, dyslipidemia, microangiopathy, oxidative stress, abnormal signaling from advanced glycation end products, and growth factor deficiencies (Jack and Wright 2012; Yarandi and Srinivasan 2014) . The neurons of the ENS are anatomically exposed and susceptible to the influence of these factors (Bagyánszki and Bódi 2012; Yarandi and Srinivasan 2014) .
The myenteric plexus controls motility reflexes, including those initiated in the duodenum and stomach, that cause stomach emptying and small bowel transit (Kunze and Furness 1999; Furness 2008) . The sensory neurons, interneurons, excitatory and inhibitory motor neurons that compose the myenteric plexus can be defined based on a 'chemical code' of neural proteins and transmitters Young 1996, 1998; Sang et al. 1997; Qu et al. 2008; Furness 2010; Tan et al. 2010) . Morphological, ultrastructural and phenotypic changes of duodenal myenteric plexus neurons during prolonged T2D are not well characterized. This knowledge is fundamental to designing mechanistic studies that elucidate underlying causes and pathophysiology of GI symptoms during diabetes.
Previously, studies of the duodenum ENS in leptin receptor knockout T2D mice have shown a reduction in vasoactive intestinal peptide (VIP) and nitric oxide synthase (nNOS) neurons and expression levels (Spangeus and El-Salhy 2001; Surendran and Kondapaka 2005) . Studies by our group have also shown a reduction in total duodenal myenteric neurons, including nNOS/VIP containing neurons, in mice fed a 72 % high-fat (HF) diet for 8 weeks (Stenkamp-Strahm et al. 2013a) . It is well understood that the ENS undergoes a loss of cells in the duodenum and other segments during normal ageing (El-Salhy et al. 1999; Wade 2002; Stenkamp-Strahm et al. 2013b ). An analysis of ENS changes in long-standing T2D and parallel age-related changes in animals have yet to be done, however, and will be especially useful to understand GI symptoms in an ageing population of human diabetics.
The goal of the present study was to analyze prolonged HF diet ingestion and age-related effects on the packing density (neurons/ganglionic area), neuronal phenotype and nerve injury of cells in the duodenum myenteric plexus of obese T2D mice. The investigation of duodenal neuropathy is critical, as the duodenum is likely affected during the common symptom of gastroparesis. Results show that mice ingesting an HF diet for 20 weeks have a remodeling of this plexus, including ganglionic shrinkage and a reduction in mean neuronal soma sizes. Additional changes include a reduction in VIP immunoreactive (−IR) nerve cell bodies and varicosities, axonal swelling, and cytoskeletal damage. The number of nNOS neurons, originally found to be reduced in mice fed an HF diet for 8 weeks, was found to be increased in mice fed an HF diet for 20 weeks. Interestingly, density indices of nNOS-IR cell bodies plus IR varicosities were reduced during prolonged HF diet ingestion. Age-related changes revealed a reduction in sensory and an increase in excitatory neuron markers. Collectively, our results revealed the nature of duodenal myenteric plexus remodeling in response to HF dietary influence and normal ageing. It is possible that alterations and damage revealed herein underlie the GI symptoms experienced by human T2D patients.
Materials and methods

Mice
C57BL/6 J mice used in this study were purchased from Jackson Laboratories (Bar Harbor, ME, USA) at 7 weeks of age and housed in metal cages. Mice were kept on a 12:12-h light cycle and acclimatized for 1 week before being fed ad libitum either a standard chow (SC) diet containing 6.2 % fat (n=8; Teklad Global 2018; Teklad Diets, Madison, WI, USA) or a high fat (HF) diet with 72 % fat (n=8; modified DIO 70 % kcal fat diet with 2 % additional corn oil; TestDiet, Richmond, IN, USA). Mice were anesthetized with isofluorane before exsanguination according to procedures approved by the University of Idaho Animal Care and Use Committee.
Assessment of obesity and T2D
HF diet-ingesting mice in the current study were previously shown to have high weight gain, epididymal adipose tissue mass, glucose intolerance and insulin resistance compared to mice ingesting an SC diet (Stenkamp-Strahm et al. 2013a, b) . Obesity and T2D characteristics were first identified in these mice after 4 weeks of HF diet ingestion, became more pronounced at 8 weeks, and markedly pronounced after 20 weeks. To correlate nerve cell injuries with symptoms of advanced stage obesity and T2D, mice analyzed in the current study were those that had ingested an HF diet for 20 weeks.
Duodenal tissue sampling for scanning transmission electron microscopy (EM), longitudinal muscle-myenteric plexus (LMMP), and cryostat section preparations The collection of duodenal segments, fixation, dissection, preservation, EM, LMMP, and cryostat tissue sample (full thickness; FT) preparation was performed as previously described (Stenkamp-Strahm et al. 2013a ).
Immunohistochemistry of LMMP and FT preparations
The 'chemical coding' hypothesis postulates that each class of neuron that can be differentiated functionally contains a unique combination of chemical markers Young 1996, 1998; Furness 2010) , and this paradigm has been employed to identify and quantify neurons of different phenotype in the mouse ENS Young 1996, 1998; Sang et al. 1997; Qu et al. 2008; Stenkamp-Strahm et al. 2013a) . The aim of the current study was to determine the effect of prolonged HF diet consumption on total, sensory, excitatory motor and inhibitory motor neurons in the mouse duodenum. This was achieved using chemical coding with neuronal marker antibodies described in Table 1 . An antibody against HuC/ HuD was used for total neuron assessment. Two antibodies were used for each of the three sub-classes of neurons, respectively: inhibitory neurons (nitric oxide synthase [nNOS] and vasoactive intestinal peptide [VIP] ), excitatory neurons (choline acetyltransferase [ChAT] and substance P), and sensory neurons (calbindin and calcitonin gene-related peptide [CGRP] ). HuC/HuD, nNOS, ChAT, substance P and calbindin were used to stain and analyze the myenteric plexus in LMMP preparations while VIP, CGRP and calbindin were used to stain and analyze the myenteric plexus and the muscularis externa of FT preparations. Reasoning for the use of FT cryostat sections and/or LMMP preparations for quantification of a given marker has been described previously, as well as the immunohistochemistry staining procedures (StenkampStrahm et al. 2013a ). All dilution information for primary antibodies, secondary antibodies and dyes can be found in Table 1 .
To ensure the specificity of staining, co-localization of nucleated neuronal cells was confirmed through DAPI counterstaining, and primary and secondary antibody negative control staining was performed for all antibodies used.
Quantification of number of neurons and density indices in LMMP
The quantification procedures of immunostained neurons in the myenteric ganglia of mouse duodenum has been described previously (Stenkamp-Strahm et al. 2013a ). In brief, Metamorph 2 software (Molecular Devices, Sunnyvale, CA, USA) was used to analyze images of myenteric ganglia photographed using a Nikon Eclipse Fluorescent microscope with a ×20 objective lens (Nikon, Melville, NY, USA). For each mouse duodenum, one LMMP preparation was used to measure ganglionic sizes and quantify specific neuronal phenotype numbers or density indices. In each LMMP, about 25-35 fields of view were systematically randomly selected and photographed. Areas of all ganglia in photographed fields were measured by tracing boundaries. Delineation of these boundaries was achieved by tracing around stained cell somas (HuC/HuD) or stained nerve cells and nerve strands (nNOS, VIP, ChAT, substance P, and calbindin). In nerve strands, boundaries of ganglia were determined as locations where the ganglionic width was less than the width of two stained neurons. Neurons were then counted within ganglia and data were recorded as a 'packing density' (HuC/HuD, calbindin, nNOS neurons per ganglionic area). To measure density Large numbers (n>50 per mouse) of randomly imaged HuC/HuD stained ganglia were used to determine average ganglionic size of SC and HF diet mice. Areas of all ganglia within an image were measured, and mean ganglionic sizes were gathered. Systematic uniform random sampling was used to estimate the sizes of neuron cell bodies. Briefly, individual images were overlaid with a numbered sampling frame, and random numbers were generated to select 2 separate frames for unbiased cell soma size measurement. A tracing tool was used to measure the area of cell somas and mean cell sizes were computed. The number of neuron cell bodies measured was roughly 100-150 for each mouse.
For qualitative demonstration of staining in LMMP preparations, an Olympus Fluoview confocal multiphoton microscope with ×60 oil objective and FluoView ASW acquisition software was used to acquire images of HuC/HuD, nNOS, VIP, ChAT, substance P, and calbindin-stained myenteric ganglia.
Quantitative analysis of nerve fibers and cells in FT sections
Methods of cryostat (FT) section staining and analysis of muscularis externa have been described previously (Stenkamp-Strahm et al. 2013a) . A ×20 objective was used to obtain four FT images per animal. Images were taken from different sections stained at different time points by two different individuals to avoid bias and variations that could arise from immunostaining. To obtain the area of muscularis externa, a tracing tool was used to draw around the muscularis externa, excluding mucosa and submucosa areas. The image was then manually thresholded in a blinded fashion to gather areas of stained neurons and nerve fibers residing in muscularis externa. 'Density indices' (area of immunoreactive varicosities and nerve cell bodies/area of muscularis externa) were computed. Density indices measured from FT preparations are indicated simply as 'density indices' in results, and noted as coming from 'muscularis externa' and/or FT preparations.
Analysis of nerve health in muscularis externa with EM Enteric nerve health has been previously assessed using an EM analysis of muscularis externa tissue in mice (StenkampStrahm et al. 2013a) . Using this method, a blinded analysis of at least ten nerve fibers per mouse per group was accomplished (n=4). Nerves within an image were considered healthy due to presence of a normal plasma membrane, normal membranous organelles, neurofilaments, microtubules, secretory vesicles, and lack of axonal swelling. Images that met these criteria were given a score of '1', while images where only half of the nerves met criteria were given a '0.5.' If less than half of the nerves within an image were healthy, they received a score of '0'. Mean nerve health values of SC and HF diet mice were generated.
Assessment of age-dependent changes between 8-and 20-week SC and HF diet mice Recently, we performed a similar analysis of neuronal phenotypes in the duodenal myenteric plexus of mice fed SC and HF diets for 8 weeks (Stenkamp-Strahm et al. 2013a ). Neuronal packing density and all density indices from mice fed both diets were compiled and compared between 8-and 20-week time points. Data were normalized to values from mice fed a SC diet for 8 weeks, which were given a value of 1 each. Standard errors are recorded as a percentage of the nonnormalized density indices or packing density values for each marker.
Statistical analysis
GraphPad Prism 5 software was used to perform statistical analyses (GraphPad Software, LaJolla, CA, USA). An unpaired Student's t test was used to compare means of SC and HF diet mice. In cases of multiple comparisons, a repeated measure ANOVA with Bonferroni post-hoc test was used. Significance was determined as P<0.05, and values within figures are expressed as mean ± standard error of the mean.
Results
Progression of obesity, glucose intolerance and insulin resistance
The 72 % HF diet-induced T2D disease state was monitored as described previously, through measurement of weight gain, glucose tolerance and insulin resistance at 4, 8 and 20 weeks. Further, epididymal fat pads were excised and measured after euthanasia at 8 and 20 weeks. HF diet mice gained weight much faster than SC diet mice. Compared to mice fed an SC diet, the values of weight gained each week were statistically higher in mice fed an HF diet after 4 weeks (Fig. 1a, P<0 .05, n=8). Likewise, the amount of weight gained as a proportion of initial body weight (weight gained (g)/initial total weight (g)) was greater in HF diet mice compared to SC diet mice at 4-, 8-, and 20-week time points (1b; 4 weeks, ***P=0.0002; 8 weeks, ***P =0.0007; 20 weeks, *P=0.044; n=8). At 8 weeks, the fat pads of HF diet mice comprised a larger percentage of overall body mass when compared to SC diet mice, but these values were not different after 20 weeks (Fig. 1c, 8 weeks, ***P<0.001, n=8). Upon ingesting the HF diet for 4 weeks, mice became glucose intolerant compared to SC diet mice. This was indicated by a larger area under the curve (AUC) in curves created using blood glucose values taken after fasting and post-intraperitoneal glucose injection (Fig. 1d, 4 weeks, *P=0.029, n=8). The AUC of HF diet mice was significantly greater than that of SC diet mice * * * * * * * * * * ** ** ** * Fig. 1 The severity of HF diet-induced obesity and type 2 diabetes in C57BL6/J mice increases from 4 to 20 weeks of HF diet ingestion. After 4 weeks of HF diet ingestion, mice exhibited greater weight gain (a n=8, *P<0.05, unpaired t test) and greater proportion of initial body weight gain (b; n=8, ***P=0.0002 unpaired t test) than their SC counterparts. Much greater weight gain and proportion of initial body weight gain were observed after 8 weeks (b; n=8, ***P=0.0007 unpaired t-test) and 20 weeks (b; n=8, *P=0.044 unpaired t test) of HF diet ingestion. Mice fed an HF diet had greater epididymal fat pad mass, expressed as a percentage of total body weight (c) at 8 (n=8, ***P<0.0001 unpaired t test) but not 20 weeks of HF diet ingestion (n=8). The areas under the curves (AUC) of blood glucose levels measured before and at 30-min intervals after 1 g/kg intraperitoneal glucose injection were greater in 4-, 8-and 20-week HF diet mice, indicating that mice were glucose intolerant after 4 weeks (d, n=8, *P<0.019; unpaired t test). Glucose intolerance was greatest after 8 and 20 weeks (d; each n=8, **P=0.0048; ***P=0.0003; all unpaired t test). Analysis of insulin resistance by HOMA showed that HF diet mice had higher HOMA values at 4, 8 and 20 weeks, with insulin resistance becoming greater over time (e; each n =8, **P = 0.019; *P=0.011; *P=0.0003; all unpaired t test) after 8 and 20 weeks also (Fig. 1d, 8 weeks, **P=0.0048, n=8; 20 weeks, ***P=0.0003, n=8). Compared to the SC diet mice, higher HOMA values of insulin sensitivity were observed in HF diet mice after 4, 8 and 20 weeks of diet ingestion (Fig. 1e, 4 weeks, *P < 0.019, n =8; 8 weeks, *P<0.011, n=8; 20 weeks, ***P<0.0003, n=8), indicating insulin resistance. To summarize, mice ingesting an HF diet were obese (overweight), glucose intolerant and insulin resistant after 4 weeks. The severity of these symptoms continued to increase to the 20-week time point.
Mice fed an HF diet for 20 weeks have reduced myenteric ganglionic areas, neuronal soma sizes, and compromised nerve health Ganglionic sizes merit assessment, as HF diet ingestion may alter ENS plexuses anatomically (Stenkamp-Strahm et al. 2013a ). Compared to SC ingesting mice, an analysis of mean myenteric ganglionic areas of HuC/HuD stained LMMP preparations (Fig. 2a, b) showed a significant reduction by 20 weeks in HF diet mice ( Fig. 2c ; P<0.0001, n=8). Mean HuC/HuD cell soma size was significantly reduced in HF diet mice compared to SC diet mice ( Fig. 2d; P<0.0001, n=8) . Importantly, it has been previously observed that tissue stretch does not significantly impact the size of myenteric ganglia (Karaosmanoglu et al. 1996) , indicating that packing density is not affected by tissue stretching during preparation of LMMP. The packing density of HuC/HuD neurons in these 20-week LMMP preparations was not significantly different between SC and HF diet mice ( Fig. 2e; P=0.758, n=8) .
Compared to SC diet, EM showed nerve injuries in mice fed an HF diet (Fig. 2f-h ). Changes in duodenal nerves of HF diet mice included axonal swelling ( Fig. 2h, star; compared to healthy axon, arrow), and a disrupted appearance of neurofilaments and microtubules. A blinded analysis of nerve health showed that after 20 weeks nerves of HF diet mice became compromised, as health scores were statistically lower compared to SC diet mice ( Fig. 2i; P<0 .046, n=4).
During prolonged HF diet ingestion, packing density of myenteric nNOS-IR nerve cell bodies was increased, while the density index of nNOS-IR nerve cell bodies plus varicosities was reduced nNOS-IR nerve cell bodies were counted in the myenteric ganglia in LMMP preparations of SC and HF diet mice and the packing density of both groups was computed. The density indices of nNOS-IR nerve cell bodies and varicosities in the myenteric ganglia were analyzed and compared in a similar manner (Fig. 3a, b) . There was an increase in the number of nNOS-IR nerve cell bodies in the myenteric plexus in duodena of mice fed an HF diet compared to those fed an SC diet ( Fig. 3c; P<0.042, n=8) . In contrast to the packing density, the density index of nNOS-IR nerve cell bodies plus varicosities was reduced in mice fed an HF diet ( Fig. 3d ; P<0.026, n=8).
During prolonged HF diet ingestion, VIP density indices were reduced in muscularis externa and myenteric ganglia
To further analyze the effect of an HF diet on inhibitory motor neurons, an antibody against the inhibitory neurotransmitter VIP was used to stain FT and LMMP preparations (Fig. 4a-d) , and density indices of 20-week SC and HF diet mice were compared. Mean areas of muscularis externa did not differ between SC and HF diet mice after 20 weeks (data not shown). The density indices of VIP-IR varicosities in muscularis externa ( Fig. 4e; P<0 .012, n=8) and IR nerve cell bodies and varicosities in the myenteric ganglia ( Fig. 4f ; P<0.012, n=8) of HF diet mice were statistically lower than those of SC diet mice.
Density index of ChAT-IR nerve bodies and varicosities was reduced, while that of substance P was not altered by prolonged HF diet ingestion To investigate changes in excitatory motor neurons, antibodies for ChAT and substance P were used to stain duodenal LMMP preparations of 20-week SC and HF diet mice (Fig. 5a-d ). Compared to those on an SC diet, mice on an HF diet for 20 weeks had significantly reduced density indices of ChAT-IR nerve cell bodies and varicosities ( Fig. 5e ; P=0.039; n=8). Computation of density indices of substance P-IR nerve cell bodies and varicosities of both mouse groups did not show significant differences (Fig. 5f, P=0.546, n=8 ).
The number of myenteric ganglia calbindin neurons and calbindin and CGRP density indices of muscularis externa were unchanged in prolonged HF diet mice compared to SC diet mice
The packing density of calbindin-IR neurons was measured in myenteric ganglia in LMMP preparations (Fig. 6a, b) . The density index of calbindin-IR was measured in the muscularis externa of FT sections also (Fig. 6c, d ). The packing density of calbindin neurons in myenteric ganglia was not different between SC and HF diet mice after 20 weeks ( Fig. 6e; P=0 .246, n=8), and the density index of calbindin in muscularis externa was also unaltered by consumption of an HF diet ( Fig. 6f ; P=0.347, n=8).
CGRP immunoreactivity was analyzed in the muscularis externa of FT sections only (Fig. 6g, h ). CGRP density indices were unaltered by consumption of an HF diet ( Fig. 6i ; P=0.714, n=8).
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HuC/HuD LMMP a b Fig. 2 Prolonged HF diet induces the activation of apoptosis in duodenal myenteric nNOS and ChAT neurons
We and other investigators have reported that apoptosis and loss of myenteric neurons, specifically nNOS neurons, occurs in the duodenum and colon of mice fed an HF diet for 6-8 weeks (Stenkamp-Strahm et al. 2013a; Nezami et al. 2014) . We hypothesized that activation of apoptosis persisted in nNOS neurons, and was perhaps detectable in ChAT neurons, of the duodenal myenteric plexus of 20-week HF diet mice. Immunohistochemical analysis for apoptotic activation was assessed using an antibody directed against cleaved caspase-3. The immunoreactivity to cleaved caspase-3 was absent or observed in a few nerve cell bodies in the myenteric ganglia of mice fed the SC diet (Fig. 7a-c) . In contrast, caspase-3-IR was observed in the myenteric ganglia of mice fed an HF diet for 20 weeks in co-localized nNOS-IR (Fig. 7d-f ) and ChAT-IR ( Fig. 7g-i) neurons. This suggests an activation of apoptosis in these classes of neurons. Quantification of caspase-3-IR neurons per ganglionic area showed significant differences between mice fed the SC diet and those fed the HF diet ( Fig. 7i ; P=0.0017, n = 5). The populations of caspase-3-IR neurons that were also immunoreactive for nNOS or CHAT were not quantified due to a lack of adequate LMMP preparations.
Comparison of 8-and 20-week SC and HF diet mice revealed age-dependent plasticities among subpopulations of enteric neurons
It is well understood that the ENS undergoes age-related changes in the mouse and other species (Gomes et al. 1997; El-Salhy et al. 1999; Wade 2002) . Mice in the current study began dietary intervention at 8 weeks of age, which continued through 28 weeks of age. This places the mice in the category of 'adult' throughout the study period (Fox et al. 2006) . We observed an age-dependent decline in duodenal packing density of myenteric neurons in both SC and HF diet mice from 8 to 20 weeks of age (Table 2 ; HuC/HuD neurons/ganglionic area). Ageing was not associated with a change in the packing density of nNOS IR neurons in duodenal myenteric ganglia of mice fed SC and HF diets for 20 weeks (Table 2 ; nNOS, neurons/ganglionic area, LMMP). Age-dependent analysis of the other inhibitory neuron marker, VIP, showed no Fig. 3 The number of nNOS-IR nerve cell bodies in the myenteric ganglia of 20-week HF diet mice increased, while the density index of nNOS-IR nerve cell bodies plus varicosities was reduced. LMMP preparations from 20-week SC (a) and HF (b) diet mice were stained with an antibody for nNOS to assess the packing density of nNOS IR nerve cell bodies and the density index of nNOS-IR cell bodies plus IR varicosities in the ganglia. Neuronal NOS-IR cell body packing density was increased in HF diet mice compared to SC diet mice (c; P=0.042, n=8, unpaired t test). In contrast, the density index of nNOS-IR cell bodies and IR varicosities was reduced (d; P=0.026, n=8, unpaired t test) alteration in density indices of muscularis externa between 8 and 20 weeks, and this was in both mouse groups (Table 2; VIP Density Index).
Evaluation of age-induced changes of excitatory markers revealed an increase in ChAT and substance P density indices of nerve cell bodies and varicosities after 20 weeks, in both diet groups (Table 2 ; ChAT Density Index LMMP; Substance P Density Index LMMP).
Ageing affected one sensory/interneuron marker in both mouse groups. The number of calbindin neurons/ganglionic area was significantly reduced in mice fed an SC diet for 20 weeks. However, calbindin neurons/ganglionic area in mice fed an HF diet for 8 and 20 weeks did not show a significant difference (Table 2 ; Calbindin neurons/ganglionic area). CGRP density indices in duodenal muscularis externa of SC and HF diet mice did not change due to age (Table 2; CGRP Density Index).
Non-normalized mean values and SEM for all neuronal packing densities and density indices assessed herein can be found in Supplemental Table 1 .
Discussion
It is postulated that damage to the ENS plays a key role in diabetic gastroparesis, diarrhea and constipation Compared to 20-week SC diet mice, VIP density indices of 20-week HF diet mice were reduced in both the muscularis externa (e; P=0.012, n=8, unpaired t test) and in the myenteric ganglia (f; P=0.012, n=8, unpaired t test) (Chandrasekharan et al. 2011; Yarandi and Srinivasan 2014) . As such, a better understanding of ENS alterations associated with HF diet induced obesity and T2D may eventually lead to more efficient treatment strategies for patients. The goal of this study was to characterize the effect of prolonged HF diet ingestion on the duodenal myenteric plexus. We found that mice fed an HF diet for 20 weeks experienced hallmarks of obesity and T2D beginning at 4 weeks. Weight gain, glucose intolerance and insulin resistance of 20-week HF diet mice was much higher than that of 8-week HF diet mice indicating a progression of metabolic imbalance, and a prolonged disease state that human T2D patients with poor glucose and dietary management often experience. Key findings of this study include a correlation between prolonged HF diet ingestion, reductions in ganglionic and nerve cell body sizes, and a decline in nerve health in the duodenal myenteric plexus. These findings were associated with a decrease in density indices of VIP-IR and nNOS-IR, despite the increased number of nNOS-IR nerve cell bodies per ganglionic area. Prolonged consumption of an HF diet also caused a decline in the density index of ChAT-IR in the myenteric ganglia. Age-related changes seen in the myenteric ganglia of these non-senescing adult mice ChAT density indices were reduced by an HF diet (e; P=0.039; n=8, unpaired t test), but substance P density indices were not different between 20-week SC and HF diet mice (f; P=P=0.546; n=8, unpaired t test) Fig. 6 Analysis of calbindin-IR and CGRP-IR showed that sensory neurons were not altered in the duodenum myenteric plexus of HF diet mice after 20 weeks. An anti-calbindin antibody was used to stain LMMP duodenal preparations from mice fed SC (a) and HF (b) diets. Anti-calbindin was also used to stain muscularis externa of duodenal preparations from the same 20-week SC (c) and HF (d) diet mice. The packing density of calbindin-IR neurons in the myenteric ganglia was no different between diet groups (e; P=0.246, n=8, unpaired t test), and the same was seen when density indices were measured in the muscularis externa (f; P= 0.347, n=8, unpaired t test). Immunoreactivity for CGRP in muscularis externa of duodenal preparations from 20-week SC (g) and HF (h) diet mice was also assessed. Similar to calbindin, CGRP density indices in muscularis externa of 20-week SC and HF diet mice were similar (i; P =0.719, n=8, unpaired t test) Fig. 7 A subpopulation of duodenal myenteric neurons of mice fed an HF diet for 20 weeks exhibited activated apoptotic pathways. LMMP preparations were used to demonstrate co-localization of cleaved caspase-3-IR with nNOS-IR (a-f) and ChAT-IR (g-i) neurons in the myenteric ganglia. Compared to mice fed an SC diet for 20 weeks (a-c; caspase-3+nNOS), those fed an HF diet showed caspase-3-IR in nNOS-IR nerve cell bodies (d-f; caspase-3+nNOs) and in ChAT-IR nerve cell bodies (g-I; caspase-3+ChAT) indicating an activation of apoptosis in nNOS and ChAT neurons. Arrows in (a-c) indicate a lack of colocalization of caspase-3 and nNOS-IR. Arrows in (d-f) and (g-I) show co-localization of these markers (d-f), as well as co-localization of caspase-3 and ChAT (g-i). j Caspase-3-IR nerve cell bodies per ganglion area were computed before staining the preparations to localize caspase-3-IR with nNOS and ChAT. Summary data show an increased number of myenteric caspase-3-IR nerve cell bodies per ganglion area in mice fed an HF diet for 20 weeks (P=0.0017, n=5, unpaired t test) compared to mice fed an SC diet n=4 for all 8-week mice and n=8 for all 20-week mice, all values were normalized to 8-week SC diet mice LMMP longitudinal muscle myenteric plexus *P indicate significant differences between compared groups included an overall decrease in the packing density of neurons, and an increase in the density index of cholinergic neurons regardless of diet. Of note, the density index of substance P in the myenteric ganglia increased with ageing in 20-week SC diet mice, but not in HF diet mice. Ageing was also associated with a decline in the packing density of calbindin-IR neurons in 20-week SC diet mice, but not in HF diet mice.
Changes in the duodenum myenteric plexus after 20 weeks of HF diet ingestion
The packing density of HuC/HuD myenteric neurons in 20-week HF and SC diet mice was similar, suggesting the total population of duodenal myenteric neurons was unchanged due to disease state or HF diet ingestion. Interestingly, we observed significantly increased caspase-3-IR neurons in 20-week HF mice, which suggests activation of apoptosis. Our results coincide with studies showing no change in total duodenal neurons during streptozotocin induced type 1 diabetes (Furlan et al. 1999 ) and ob/ob transgenic type 2 diabetes (Spangeus and El-Salhy 2001) . However, they conflict with our own previous results showing neuronal loss at 8 weeks of the same high fat diet-induced T2D (Stenkamp-Strahm et al. 2013a) . It is likely that the difference between studies depends on fatty acid composition in the feed (Voss et al. 2013; Nezami et al. 2014) , and presumably the impact of the gut microbiota (Anitha et al. 2006) . These new results suggest that after 8 weeks of HF diet ingestion myenteric neurons are potentially protected from T2D-induced apoptosis, which is supported by a study showing 12 week HF diet protection of nerves of the antral ENS (Baudry et al. 2012) . Our results support the theory that plasticity in the ENS occurs over time and after injury, and that regeneration of axonal connections, synapses, and even nerve cells may be possible (Giaroni et al. 1999; Azan et al. 2011; Laranjeira et al. 2011) . Prolonged HF diet consumption correlated with a shrinkage in ganglia (~18 %) and nerve cell body (~21 %) size in the duodenum myenteric plexus. Previously, a similar shrinkage in ganglia was seen in the diabetic guinea pig (LePard 2005) . Mean ganglionic sizes were not significantly different between 8-week SC diet, 8-week HF diet, and 20-week SC diet-ingesting mice (8-week data not shown), showing that the shrinkage was independent of age. It is unlikely that this ganglionic shrinkage affected the packing density as nerve cell soma sizes were also reduced. These findings suggest that ganglia and neuronal cell soma size reductions are remodeling strategies initiated in response to early neuron loss, nerve fiber damage, or perhaps changes in GI function experienced after HF diet ingestion.
Prolonged HF diet ingestion was associated with an increase in nerve injury, including axonal swelling and loss of cytoskeletal structures. These results correspond with observations made in stomach biopsies from diabetic humans that experienced gastroparesis (Faussone-Pellegrini et al. 2012) as well as dysmotility and enteropathy of the large bowel (Schmidt et al. 1984) . They support a notion that nerve tissues in HF diet mice were not unscathed, even though neuronal packing density showed no decline. Indeed, loss of fibers during diabetes with little or no loss of nerve cells has been seen previously in stomach tissues (Pasricha et al. 2008; Wang et al. 2008) . Although functional analyses were not the goal of this work, nerve injuries shown here suggest that HF diet mice likely have symptoms of dysmotility, since damages of this nature have been seen in type 1 diabetic mice that had symptoms of delayed gastric emptying and intestinal transit (Anitha et al. 2006) .
VIP content of myenteric ganglia and muscularis externa in the duodenum of 20-week HF diet mice was reduced compared to SC diet, coinciding with our previous results of loss of VIP neurons at 8 weeks. These observations are also similar to findings in 20-week ob/ob transgenic T2D mice (Spangeus and El-Salhy 2001) . As VIP and nNOS are expressed by the same myenteric neuronal phenotype and nNOS-IR varicosities were reduced, the change suggests that disrupted microfilament damage and swelling of axons occurred in VIP/ nNOS fibers, resulting in altered vesicular transport and VIP/nNOS depletion in nerve fibers of the muscularis externa. This remains to be determined, however.
One of the novel findings of this study is that the number of nNOS-IR cell bodies in the myenteric plexus of HF diet mice increased compared to SC diet mice after 20 weeks of ingestion. An increase in nNOS nerve cells has been seen in the duodenum of type 1 diabetic rats after 1-week (Furlan et al. 1999 ). However, a reduction in nNOS expression or nNOS-IR neurons is more commonly reported both in type 1 (Spangeus et al. 2000; Shotton and Lincoln 2006; Bagyánszki and Bódi 2012) and T2D (Spangeus and El-Salhy 2001; Surendran and Kondapaka 2005; Pasricha et al. 2008; Chandrasekharan et al. 2011; Bagyánszki and Bódi 2012) . Importantly, this includes our own findings in mice fed the same HF diet for 8 weeks (Stenkamp-Strahm et al. 2013a ) and other findings using HF diets to model obesity, T2D and non-alcoholic fatty liver disease (Voss et al. 2013; Nezami et al. 2014; Voss et al. 2014; Rivera et al. 2014) . This observation raises the question of why nNOS neurons are susceptible to early stage HF dietinduced T2D loss, while being spared at later stages. A larger presence of nNOS has been seen in axons of diabetics early in the disease, with degeneration of fibers causing nNOS accumulation in cell bodies at later stages (Cellek et al. 2004 ). Similar observations were made in the present study, as the increased packing density of nNOS-IR nerve cell bodies was concurrently seen with a decrease in the overall density index of nNOS-IR varicosities. When taken together with EM results of disrupted cytoskeletal elements in nerve fibers, our findings suggest impaired nerve fiber transport/translocation of enzymes from the cell soma during later stages of T2D.
Neuronal NOS is constitutively expressed in the GI tract and several splice variants exist, but processes regulating specific transcription are poorly understood. It is possible that changes in the expression of nNOS splice variants (Savidge 2011 ) and shifts in neuronal phenotype occurred between 8 and 20 weeks of diet ingestion, to compensate for early neuropathies (Giaroni et al. 1999) . To fully understand the plasticity of nNOS neurons during T2D, these ideas will need to be addressed in future studies.
HF diet ingestion for 20 weeks decreased the density index of ChAT neurons in the myenteric ganglia, suggesting that ChAT neurons are vulnerable to HF diet-induced damage. The observation of activated caspase-3-IR in ChAT-IR neurons supports this assumption. Contrary to this, HF diet ingestion did not alter myenteric substance P neurons and sensory neurons (calbindin, CGRP), which parallels results reported by our group at 8 weeks (Stenkamp-Strahm et al. 2013a ). It remains possible that damage to nerve fibers seen through EM analysis occurred in these neuronal phenotypes, as this may happen without marked changes in protein expression.
Age-related changes
An age-associated loss in total neurons was seen in both diet groups, which parallels a commonly seen age-related loss of ENS neurons (El-Salhy et al. 1999; Phillips et al. 2004; Phillips and Powley 2007) . Ageing did not affect inhibitory motor neurons because it did not affect the packing density of nNOS neurons in SC diet mice, or VIP indices of both mouse groups. This is consistent with previous observations that ENS inhibitory neurons survive more readily compared to those of alternate phenotypes during the ageing process (Wade 2002; Phillips and Powley 2007) .
Reactive oxygen species (ROS) accumulation in neurons causes age related neurodegeneration (Thrasivoulou et al. 2006) . It has been suggested that the nNOS neuron loss commonly seen during diabetes is also due to oxidative stress (Chandrasekharan et al. 2011; Voukali et al. 2011; Yarandi and Srinivasan 2014) . In addition, the synergistic actions of advanced glycation end products and endogenous nitric oxide are thought to underlie diabetic selective apoptotic cell death of nNOS neurons (Cellek et al. 2004) . Therefore, the combination of age-related and diet-induced oxidative stress may be cumulative (Anitha et al. 2006; Papanas and Ziegler 2012; Bagyánszki and Bódi 2012) . New research has shown that palmitate can cause apoptosis in nNOS neurons by triggering mitochondrial dysfunction and endoplasmic reticulum stress (Voss et al. 2013; Nezami et al. 2014; Voss et al. 2014) . Importantly, palmitate constitutes about 30 % of lard and the HF diet used in this study contained 35 % lard. Considering all factors, one would expect extensive degeneration of nNOS neurons after 20 weeks of HF diet ingestion, contrary to the findings of this study. This highlights a need to further identify the exact causes of T2D nerve cell death, and adaptive responses of myenteric neurons to an HF diet.
Twenty-week SC and HF diet mice experienced an increase in ChAT content in the myenteric plexus, relative to 8-week mice. The content of substance P in the myenteric plexus of both 8-week and 20-week SC and HF diet mice did not differ. Previous studies in aged animals have commonly shown declines in cholinergic neuron populations and activity (Lopes et al. 2007; Phillips and Powley 2007) . This is the first study to look at excitatory motor neuron markers in the duodenum of adult and middle-aged adult mice. Whether the patterns seen are regular temporal plasticities, and whether age-related degeneration of these neurons occurs at a later age stage, remains to be determined.
In the myenteric ganglia, packing density of calbindin-IR neurons, which are considered to be intrinsic sensory and interneurons (Tan et al. 2010) , was reduced in 20-compared to 8-week SC diet mice. This parallels a trend in aged animals showing that sensory nerves may be the most prone to ageinduced cell death (Wade 2002; Thrasivoulou et al. 2006; Phillips and Powley 2007) . The packing density of calbindin-IR neurons in HF diet mice and calbindin and CGRP density indices of muscularis externa did not show this age-related alteration, however. The absence of age-related change in the packing density of calbindin-IR neurons among HF diet mice correlated with a trend toward an increase in calbindin-IR neurons (37 %) in mice fed the HF diet for 20 weeks. Causes of the difference between these dietary effects are not known.
Guidelines for histological techniques and quantitative methods for measuring enteric neuron populations recommend a normalization of data to intestinal length (Knowles et al. 2009 ). For the present study, this would require an estimation of individual sample length and width, and measurement of stretching effects. For our results, measurements of neurons were referenced to ganglionic area. This allowed immediate specimen collection for EM experiments (Karaosmanoglu et al. 1996) .
Conclusions
The present study suggests that prolonged HF diet ingestion causes nerve cell soma and ganglionic shrinkage in the duodenal myenteric plexus. Prolonged high fat diet ingestion also exacerbates nerve damage and injury to inhibitory motor neurons, regardless of an increase in the actual number of nNOS neurons. In addition, ChAT neurons become vulnerable to apoptotic cell death. The evidence of ganglionic remodeling, nerve cell damage and age-related changes seen in mice fed HF and SC diets for 20 weeks indicates a need to investigate mechanisms behind age and diet interactions that underlie enteric neuron plasticities. Specifically, the mechanisms underlying changes in nNOS/VIP, ChAT and calbindin neurons should be sought, as these are likely to cause alterations in GI function and gut brain signaling in T2D patients. It would also be useful to analyze compounding effects of senescence and T2D on the ENS during long-term dietary intervention in a mouse model.
